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The emission intensity of a GaInAsP photonic crystal nanolaser is affected by the pH of the solution, in which the nanolaser is immersed. This phenomenon can be explained by the change in the redox potential, which modifies the filling of electrons at surface states of the semiconductor and hence the nonradiative surface recombination. This phenomenon allows the nanolaser to simultaneously and independently detect the refractive index and electric charges near the surface on the basis of the variation in emission wavelength and intensity, respectively. This paper demonstrates this function through alternate deposition of charged polyelectrolytes and hybridization of deoxyribonucleic acids. High-performance label-free biosensors have been studied and developed toward simple medical diagnoses and biochemical analyses. These devices utilize the spectral analysis of surface plasmon resonance 1 and high-Q microcavities, 2 which detect the environmental refractive index, and the electrical behaviors of field-effect transistors 3 to detect surface charges. However, it remains difficult for these biosensors to meet all requirements for sensitivity, selectivity, throughput, stability, simple fabrication and operation, and low cost and disposable use. Therefore, we have studied photonic crystal (PC) nanolaser biosensors ( Fig. 1(a) ). 4, 5 Similar to microcavity sensors, these PC nanolaser biosensors detect the environmental index change, resulting from the adsorption of biomolecules, by analyzing lasing wavelength shifts near the sample surface. These biosensors satisfy most of the above requirements and also permit large-scale integration 6 suitable for biochips. Using this sensor, we have detected the chemical adsorption of bovine serum albumin and the specific binding of biotin-streptavidin (SA).
In this study, we demonstrate that this sensor can also detect surface electronic potential and thus surface charges, on the basis of the emission intensity. Because the wavelength and intensity behave independently ( Fig. 1(b) ), simply acquiring the laser spectrum allows the refractive index and surface charges to be simultaneously sensed. In particular, label-free detection of surface charges is possible without any spectral analyses simply by measuring the emission intensity. In this study, we first demonstrate that the emission intensity is greatly affected by the pH of the solution, in which the nanolaser is immersed, suggesting that the dependency on the surface electronic potential and surface charges. Thereafter, we demonstrate the simultaneous sensing on the basis of the alternate adsorption of charged polyelectrolytes and the hybridization of deoxyribonucleic acids (DNAs).
The detailed structure, fabrication process, and laser characteristics of GaInAsP PC nanolasers have been previously reported. 7 A nanolaser comprising an air-bridge PC slab, asymmetric H0 nanocavity, 5, 8 and a nanoslot (NS) was fabricated in an undoped GaInAsP quantum-well (QW) epiwafer with a photoluminescence (PL) peak at 1.55 lm. The device was immersed in an acidic or alkaline solution and photopumped using a laser pulse at 0.98 lm. In this solution, the GaInAsP PC slab was etched or oxidized, and the laser wavelength was blue-shifted. To suppress these chemical reactions, the device was completely covered with ZrO 2 film by atomic layer deposition. 9 When the thickness of the film is less than 2 nm, the spectral blue-shift appears, suggesting that the etching and/or oxidation still occur because of incomplete deposition of the ZrO 2 film. Therefore, we set the thickness to 3 nm, for which we confirm the spectral stability in measurements over an hour and still expect some electrical interaction between the semiconductor and solution. The detailed procedure of the observation is as follows. First, the device surface was hydrophilized by oxygen plasma. Thereafter, device was placed in a polydimethylsiloxane (PDMS) microchannel, and different pH solutions, which were prepared by adding KOH or HCl to 10 mM KCl solution, were individually injected. The device was photopumped, and the emitted light was measured by optical spectrum analyzer. The circular plots in Fig. 2 display the emission intensity measured as a function of pH. The intensity decreased by more than 8 dB when the pH was changed from 2.5 to 11. We also confirmed that this change is reversible. Figures 3(a) and 3(b) present the spectrum and temporal response of the PL, respectively, in areas with and without PC patterns (the cavity is not included), which were immersed in solutions with different pH values. Without the PC patterns, the emission intensity decreased to <80%, and the emission lifetime s also decreased from 6 ns to 4.5 ns when the pH was changed from 2 to 11. With the PC pattern, the decreases were larger; the intensity was reduced by half, and s also decreased from 2 ns to 1 ns.
To explain these results, we consider the following mechanism based on nonradiative surface recombination. When the pH is changed, the dissociation equilibrium between the device and solution is changed through the very thin and partly incomplete ZrO 2 film. For high pH, the device is negatively charged, 10 and the equilibrium between the Fermi level in the n-type semiconductor and redox potential of the solution forms a Schottky barrier. In this case, surface levels lying in the bandgap are vacant, which accelerates the surface recombination, resulting in the low emission intensity and short s. Moreover, the Schottky barrier spatially separates electrons and holes exited by the photopumping and reduces the radiative recombination, and hence, the PL intensity at the highest pH even though s, which is dominated by the surface recombination, is almost constant. For low pH, however, the device is positively charged, and the equilibrium reduces the Schottky barrier. Thereafter, the surface levels are filled with electrons, and the surface recombination is inhibited, resulting in high emission intensity and long s. Without PC patterns, such surface effects must occur at the top surface. However, the active layer of the used wafer comprises a quantum well, and most of the excited carriers in barrier layers are promptly captured in the quantum well, which reduces the surface effects in any case. With the PC pattern, the sidewall of the quantum well is exposed at the airholes of the PC; therefore, the surface effects occur more directly than that in the case without the PC patterns.
As a test experiment to confirm the simultaneous detection of index and surface charges by the nanolaser, we alternately deposited strongly charged polyelectrolytes in a solution 11, 12 and measured the emission spectrum. Here, we first conducted the oxygen plasma treatment and formed the self-assembled monolayer of 0.05% 3-aminopropyl triethoxysilane (APTES). Thereafter, we immersed the device in a solution including negatively charged polystyrene sulfonate (PSS, 100 kDa, 0.1 wt. %) or positively charged polyallylamine hydrochloride (PAH, 90 kDa, 0.1 wt. %) for 20 min and measured the emission spectrum after rinsing in water for 30 s. This process was repeated by alternating the polyelectrolytes, and the wavelength and intensity were recorded, as shown in Fig. 4 . The wavelength red-shifted monotonically with repetition which demonstrates that the wavelength simply reflects the thickness of the deposited film. However, the emission intensity increased and decreased by depositing PAH and PSS, respectively. This suggests that the presence of charges on the film resulted in the variation of emission intensity. The deposition of the positively (negatively) charged PAH (PSS) renders the situation similar to the immersion in lower (higher) pH solution. We would also note that the wavelength and intensity almost recover after removing ZrO 2 and polymers using HF and depositing the ZrO 2 film again. This means that the nanolaser sensor chip is reusable although it will also be disposable because its future production cost is expected to be low.
Finally, we tested the detection for the DNA hybridization ( Fig. 5(a) ), which is well-known to take large negative charges. In the conventional method, fluorescent-label-modified target DNA is hybridized with complementary probe DNA immobilized on a substrate, and this event is examined on the basis of the fluorescence of the target DNA. In our method, however, this process was conducted without labels, and the hybridization was examined on the basis of the change in the emission intensity of the nanolaser. This method does not require fluorescence labels and any types of spectral analyses, thus greatly simplifying the DNA screening procedure. In this experiment, we first deposited polyacrylic acid (PAA, 25 kDa, 1 wt. %) in a pH 10.4 solution and polyethylenimine (PEI, 10 kDa, 1 wt. %) in a pH 3.2 solution, both containing 100 mM KCl, after the oxygen plasma and APTES treatment to cover the device surface with a highdensity amino group. Thereafter, we placed the device in the PDMS microchannel and measured the emission spectrum in real time, successively injecting (1) 1 mM KCl solution, including 2 lM random sequence probe DNA (single-strand, 12 mer: 5 0 -TGCACAGACTAG-3 0 , terminated by the phosphate group); (2) water; (3) 1 mM KCl solution, including 10 lM target DNA (complementary 5 0 -CTAGTCTGTGCA-3 0 ); and (4) water. Figure 5(b) shows the wavelength and intensity behaviors. The wavelength curve simply corresponds to the adsorption of the probe and target DNAs. The intensity decreases gradually during the measurement as a result of the increasing position error of the device, as indicated by the dashed line. Even after subtracting this slope, the intensity exhibits a large decrease when the target DNA was injected. The target DNA should be hybridized with the probe DNA, and a part of the DNA might be adsorbed chemically on the positively charged PEI surface, which is not covered completely with the probe DNA. This result proves that the presence of surface charges resulted in the variation of emission intensity.
In conclusion, the GaInAsP photonic crystal nanolaser sensor independently detected the environmental index and surface charges on the basis of the variation in emission wavelength and intensity, respectively. The behavior of the emission intensity was explained by the variation in nonradiative surface recombination by surface charges. This phenomenon enables the adsorption of charged molecules such as DNA to be detected without the use of fluorescence labels and spectral analyses, similarly to FET biosensors. The significant advantage of our nanolaser sensor, in addition to the simple fabrication and operation and high stability and sensitivity, is the simultaneous detection of the environmental index, which will contribute to the verification of intensity-based sensing and the discrimination between charged and neutral particles.
